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We argue the emergence of nodal excitations due to the coupling with static antiferromag-
netic order in fully-gapped superconducting states in both cases with and without inversion
symmetry. This line node structure is not accompanied with the sign change of the supercon-
ducting gap, in contrast to usual unconventional Cooper pairs with higher angular momenta.
In the case without inversion symmetry, the stability of the nodal excitations crucially depends
on the direction of the antiferromagnetic staggered magnetic moment. A possible realization of
this phenomenon in CePt3Si is discussed.
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The interplay between magnetism and superconduc-
tivity has been one of central issues in the field of
strongly correlated electron systems. It has been ar-
gued that in some heavy fermion systems such as
CeCoIn5,
1 CeRhIn5,
2 and UPd2Al3,
3, 4 antiferromag-
netic (AF) critical spin fluctuations may mediate un-
conventional Cooper pairs of which the superconducting
(SC) gap has line nodes.5 Moreover, the coexistence of
the AF order and the SC state is realized in CeRhIn5,
UPd2Al3, CePt3Si,
6 CeRhSi3,
7 and CeIrSi3.
8 Among
them, CePt3Si, a superconductor without inversion sym-
metry, does not display magnetically critical behaviors,
indicating that the spin fluctuation is almost suppressed,
and the static AF order is well stabilized.6 However, this
system exhibits some curious properties described as fol-
lows. The NMR experiments for this system indicate the
existence of the coherence peak of 1/(T1T ), implying
the realization of the fully-gapped state.9 In contrast,
the experimental measurements of thermal transport in
magnetic fields,10 and the penetration depth,11 strongly
support the line-node structure of the low-energy excita-
tions. To explain these observations, the present author12
and Hayashi et al.13 pointed out independently that the
coherence factor of 1/(T1T ) is enhanced in the absence
of inversion symmetry, which leads the prominent coher-
ence peak of 1/(T1T ). Also, the present author proposed
that the line node may stem from the coupling with the
AF order; i.e. it is an accidental line node which is not as-
sociated with the symmetry of the Cooper pair,12 while
Hayashi et al. attribute the existence of the line node to
the admixture of the spin singlet and triplet pairs.13
In this paper, we further pursue the possible realiza-
tion of nodal excitations in SC states due to the coupling
with the static antiferromagnetic order. We would like
to stress that this nodal structure is quite different from
the line-nodes caused by dynamical spin fluctuations as
realized in CeCoIn5 and UPd2Al3 in the point that the
former is not accompanied with the sign change of the
SC gap at the line-nodes.
To explain the basic properties of this phenomenon,
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we, first, consider the case of the s-wave pairing with
inversion symmetry coexisting with AF order. Although
systems corresponding to this situation have not been
realized in any real compounds so far, the consideration
of this case is useful for a simple theoretical description
of the mechanism for the emergent line-node due to the
AF order. We start from the following mean field Hamil-
tonian,
H =
∑
k,σ
εkc
†
kσckσ +
∑
k,σ.σ′
[∆(s)(iσy)σσ′ckσc−kσ′ + h.c.]
+
∑
k,σ,σ′
[mQ · σσσ′c
†
k+Qσckσ′ + h.c.]. (1)
Here, ckσ (c
†
kσ) is the annihilation (creation) operator of
an electron with momentum k, and spin σ. ∆(s) is the s-
wave SC gap independent of the momentum k, and mQ
is the staggered magnetic moment. We do not specify the
origin of the AF order in the following argument. It may
stem from localized electrons which are not explicitly in-
cluded in (1). The single-particle excitation energy of (1)
is readily obtained as,
Ek± =
[
ε2k + ε
2
k+Q
2
+ ∆
(s)2
k + |mQ|
2
±
[
(ε2k − ε
2
k+Q)
2
4
+ |mQ|
2(εk + εk+Q)
2 + 4|mQ|
2∆
(s)2
k
] 1
2
] 1
2
.(2)
Apparently, in the case of |mQ| ≫ ∆
(s), which corre-
sponds to the situation realized in CePt3Si, excitations
with the energy Ek+ are not important for low-energy
properties. Thus we ignore their contributions in the
following. The SC gap ∆(s) should be determined by
solving the gap equation self-consistently. Assuming the
BCS-type attractive interaction between electron pairs,
−V
∑
k,k′ c
†
k↑c
†
−k↓c−k′↓ck′↑, we obtain the gap equation,
1 = V
∑
k
tanh
(
Ek
2T
)
2Ek
(
1−
ε2k−ε
2
k+Q
2 + 2|mQ|
2
E2k+ − E
2
k−
)
.(3)
In the vicinity of the Fermi surface which yields the
most dominant contributions to the gap equation, the
1
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factor in the parenthesis of Eq.(3) is non-negative, and
thus the right-hand side of the gap equation is always
positive for V > 0. This means that for any given val-
ues of ∆(s) and |mQ|, there exists a positive value of
V > 0 which satisfies the gap equation (3). Therefore,
in the following, we treat ∆(s) and |mQ| as indepen-
dent parameters, without solving the gap equation ex-
plicitly. To simplify the calculation below, we assume
that εk = k
2/(2m) − EF with m the electron mass and
EF the Fermi energy, and that the ordering wave vector
of the antiferromagnetism is Q = (0, 0,±pi). For suffi-
ciently large magnitude of |mQ|, the AF order strongly
affects the electronic structure in the vicinity of the mag-
netic Brillouin Zone at kz = ±pi/2, and eventually, de-
stroys the single-particle excitation gap due to the SC
order. We demonstrate this phenomenon numerically for
a particular set of parameters. The results are shown in
Fig.1. The height of the hills indicates the magnitude
of the excitation gap, which vanishes around the mag-
netic Brillouin Zone for |mQ| ≫ ∆
(s), indicating the
line-node structure. We also calculate the local density
of statesD(ε) = − 1
pi
∑
k ImG
R
k (ε), where G
R
k (ε) is the re-
tarded normal Green function of the Hamiltonian (1). We
show D(ε) plotted as a function of the energy ε in Fig.2.
For sufficiently small energies ε ≪ ∆(s), the density of
states is linear in ε, exhibiting the line-node-like behav-
ior. The existence of the nodal excitations in the s-wave
pairing state is understood as follows. In the vicinity of
the magnetic Brillouin Zone, we apply an approxima-
tion εk+Q ≈ −εk. Then, the single-electron excitation
energy (2) is recast into Ek =
√
ε2k + (∆
(s) − |mQ|)2.
Thus, when ∆(s) = |mQ|, the single-electron excitation
energy is gapless. More precisely, since the approximation
εk+Q ≈ −εk becomes worse for k away from the magnetic
Brilloin Zone, it is required to tune the values of |mQ|
much larger than ∆(s) for the realization of the nodal
excitations. From this consideration, it is clear that the
SC gap itself does not change the sign at this line node.
Moreover, this node-like structure is not a true line node,
but a minimum of the excitation gap. Nevertheless, the
overall behavior of the density of states is quite similar
to that of usual SC states with line nodes, and also any
thermodynamic quantities at low temperatures behaves
as if the true line node exists.
The above mechanism for the emergence of the line
nodes is also applicable to systems without inversion
symmetry. In this case, parity violation allows the ad-
mixture of the spin-singlet and triplet states.14, 15 The
ratio of the minor component of the SC gap induced
by the spin-orbit (SO) interaction to the major compo-
nent is of order δESO/EF where δESO is the magnitude
of the spin-orbit splitting of the energy band. In any
superconductors without inversion symmetry discovered
so far, this ratio is less than ∼ 0.1.6–8 Thus, in the fol-
lowing, we neglect the minor component of the SC gap.
As explained above, for CePt3Si, experimental observa-
tions seems to support the realization of the s+ p-wave
state.9, 12, 16 Since the on-site Coulomb repulsion should
be considerably large in heavy fermion systems, it is ap-
propriate to assume that the major component of the
Fig. 1. (Color online) The single-particle excitation gap plotted
as a function of kx and kz for |mQ| = 0.01, 0.4, 1.2, 2.2. Here,
we put the electron mass m = 1.0, the Fermi energy EF = 1.0,
and the SC gap ∆(s) = 0.01. Figures of a portion of the Fermi
surface folded by the coupling with the AF order are also shown.
Fig. 2. (Color online) The local density of states for the model
(1) plotted against the excitation energy ε. The upper panel is
in the linear scale. The lower panel is a log-log plot.
SC gap has the p-wave symmetry, and ignore the mi-
nor s-wave component. We approximate the inversion-
symmetry-broken spin-orbit interaction by the Rashba-
type interaction. Then the model Hamiltonian is given
by,
H =
∑
k,σ
εkc
†
kσckσ + α
∑
k,σ,σ′
(k × n) · σσσ′
+
∑
k,σ.σ′
[∆(p)(k × n) · (σiσy)σσ′ckσc−kσ′ + h.c.]
+
∑
k,σ,σ′
[mQ · σσσ′c
†
k+Qσckσ′ + h.c.]. (4)
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Fig. 3. (Color online) The single-particle excitation gap plotted
as a function of k and θ for |mQ| = 0.01, 0.8, 1.7, 2.2 in the
case of the p-wave pairing state without inversion symmetry and
mQ ‖ x. Here, we put m = 1.0, EF = 1.0, α = 0.07, and
∆(t) = 0.01. Figures of a portion of the Fermi surfaces are also
shown.
Fig. 4. (Color online) The local density of states for the model
(4) plotted against the excitation energy ε. The upper panel is
in the linear scale. The lower panel is a log-log plot.
Here, the second term of the right-hand side of (4) is
the Rashba spin-orbit interaction, ∆(p) is the amplitude
of the SC gap. Note that in the above model the d-
vector of the triplet pairing is determined by the Rashba
spin-orbit interaction. Also, we assume that the mag-
netic ordering wave vector is Q = (0, 0,±pi), and that
the AF staggered moment is directed along the x-axis,i.e.
mQ = (|mQ|, 0, 0), in accordance with the results of the
neutron scattering measurements for CePt3Si, which sug-
gest the existence of the in-plane magnetic moment.17 As
will be shown below, the relative angle between the direc-
tion of the staggered moment and that of the inversion-
Fig. 5. (Color online) The excitation gap plotted as a function
of k and θ for φ = pi/2, pi/8, 0.05pi, 0 for the model (4). The line
node structure disappears around φ ∼ 0.
Fig. 6. (Color online) A schematic figure of the line node struc-
ture on the Fermi surface. The depth of the blue color in the
vicinity of the magnetic Brillouin Zone kz ± pi/2 indicates the
depth of the node of the excitation gap.
Fig. 7. (Color online) The excitation gap for the model (4) for
|mQ| = 2.7 in the case of mQ ‖ z-axis that the AF staggered
moment is parallel to the z-axis.
symmetry-breaking potential gradient (n in Eq.(4)) is
crucially important for the emergence of the nodal exci-
tations in the spin triplet dominated case. To simplify the
following analysis, we assume εk = k
2/(2m)−EF , again.
Although the actual band structure of CePt3Si is much
more complicated, the essential feature of the emergent
line node due to the AF order is not affected by this sim-
plification. Since the single-electron energy of (4) can not
be obtained analytically, we diagonalize the Hamiltonian
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(4) numerically for a particular set of parameters. The
calculated results of the excitation energy gap is plotted
in Fig.3, in which we use the spherical coordinate in the
momentum space k = (k cosφ sin θ, k sinφ sin θ, k cos θ).
It is seen that the Fermi surfaces are splitted into two
pieces by the SO interaction. In the vicinity of the mag-
netic Brillouin Zone at kz = ±pi/2, the excitation gap is
collapsed on both the splitted Fermi surfaces. The local
density of states for this model is plotted as a function
of the excitation energy in Fig.4. When the magnitude
of |mQ| is much larger than the SC gap, the density of
states obeys D(ε) ∝ ε for ε ≪ ∆(t), indicating the line-
node-like structure of the low-energy excitations. How-
ever, for higher energies ε ∼ ∆(t), the energy depen-
dence of the density of states differs from the line-node
behavior, and exhibit a prominent peak structure around
ε ∼ ∆(t), as in the case of fully-gapped states. This peak
structure may be important for the realization of the co-
herence peak of 1/(T1T ) observed for CePt3Si.
9 Since
the SC gap does not change the sign at this nodal line,
the coherence factor gives substantial contributions to
1/(T1T ), resulting in the enhancement of the coherence
peak, in agreement with the experimental observations.9
We would like to note that for sufficiently large |mQ|,
the point nodes of the p-wave gap at kx = 0, ky = 0 dis-
appear, because of the deformation of the Fermi surface
as depicted in Fig.3. This fact is also favorable for the
enhancement of the coherence peak.
Another interesting feature of this nodal structure is
that it possesses the C2v symmetry in the momentum
space, because of the existence of mQ aligned to the
x-axis and the inversion-symmetry-breaking SO interac-
tion. This property is clearly seen in Fig.5, in which the
variation of the nodal structure as a function of the az-
imuthal angle φ is described. We depict the line-node
structure with the C2v symmetry on the Fermi surface
schematically in Fig.6. The experimental detection of
this two-fold symmetry in CePt3Si is an important test
for the present theory. Moreover, in contrast to the case
of the spin singlet state with inversion symmetry con-
sidered before, the emergence of the nodal excitations
in the triplet dominated state without inversion symme-
try crucially depends on the direction of the staggered
magnetic moment mQ. To see this, we display the ex-
citation gap calculated by assuming mQ = (0, 0, |mQ|)
with |mQ| = 2.7 in Fig.7. The line-node structure does
not appear in this case. This observation indicates that
in the triplet pairing dominated case, the emergence of
the nodal excitations, or, conversely, the suppression of
the SC gap due to the coupling with the AF order oc-
curs only when the magnetic moment orthogonal to the
spin of the triplet Cooper pair exists, which disturbs the
formation of the triplet pair.
Finally, we make a brief comment on the universal con-
ductivity of the nodal excitations perturbed by random
impurity potentials. It is known that low-energy excita-
tions from line nodes gives a universal value of the ther-
mal conductivity due to impurity scattering in the zero
temperature limit.18 Actually, the universal thermal con-
ductivity is observed for CePt3Si.
10 For the emergent line
nodes considered here, the universal conductivity also
appears provided that |mQ| is much larger than the SC
gap, as verified by the straightforward calculation for the
models (1) and (4).
In summary, we have presented a mechanism for the
emergence of line-node structures in fully-gapped SC
states due to the coupling with static AF order. The pos-
sible realization of this phenomenon in CePt3Si has been
proposed to reconcile the existence of the coherence peak
of 1/(T1T ) with the experimental observations of nodal
excitations.
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